A comprehensive study of the mass sensitivity of the vibration-rotation-inversion transitions of 14 NH 3 , 15 NH 3 , 14 ND 3 , and 15 ND 3 is carried out variationally using the TROVE approach. Variational calculations are robust and accurate, offering a new way to compute sensitivity coefficients. Particular attention is paid to the ∆k = ±3 transitions between the accidentally coinciding rotation-inversion energy levels of the ν 2 = 0 + , 0 − , 1 + and 1 − states, and the inversion transitions in the ν 4 = 1 state affected by the "giant" l-type doubling effect. These transitions exhibit highly anomalous sensitivities, thus appearing as promising probes of a possible cosmological variation of the proton-to-electron mass ratio µ. Moreover, a simultaneous comparison of the calculated sensitivities reveals a sizeable isotopic dependence which could aid an exclusive ammonia detection.
Introduction
Molecular spectroscopy is a well established discipline and the increasing precision of measurements has provided the capacity to test fundamental physics. Recently, a set of several "forbidden" ∆k = ±3 transitions between the rotation-inversion energy levels of 14 NH 3 in the ν 2 vibrational state were proposed as a promising tool to probe a possible space-time variation of the proton-to-electron mass ratio µ = m p /m e [1, 2] . The anomalous mass dependency of these transitions arises from accidental near-degeneracies of the involved energy levels. The sensitivity coefficient T u,l , defined as
where E u and E l refer to the energy of the upper and lower state respectively, allows one to quantify the effect that a possible variation of µ would have for a given transition. The larger the magnitude of T u,l , the more favourable a transition is to test for a drifting µ.
The so-called ammonia method [3] , which was adapted from van Veldhoven et al. [4] , relies on the inversion transitions in the vibrational ground state of 14 NH 3 . Constraints on a temporal variation of µ have been determined using this method from measurements of the object B0218+357 at redshift z ∼ 0.685 [3, 5, 6] , and of the system PKS1830−211 at z ∼ 0.886 [7] . A major source of systematic error when using the ammonia method is the comparison with rotational lines from other molecular species, particularly molecules that are non-nitrogen-bearing (see Murphy et al. [5] , Henkel et al. [7] , and Kanekar [6] for a more complete discussion). The most stringent limit using ammonia [6] has since been improved upon with methanol absorption spectra observed in the lensing galaxy PKS1830−211 [8] . Three different radio telescopes were used to measure ten absorption lines with sensitivity coefficients ranging from T = −1.0 to −32.8.
Here we present a comprehensive study of the mass sensitivity of the vibration-rotation- isotopic transitions could open the door to an all-ammonia detection, and potentially eliminate certain systematic errors that arise from using alternative reference molecules. We also note that the transitions of the 15 N isotopes are optically thin and free of the nuclear quadrupole structures, providing a simpler radiative and line-shape analysis. A rigorous evaluation of the sensitivity coefficients will hopefully offer new scope for the ammonia method, and guide future measurements that could be carried out for example at the Atacama Large Millimeter/submillimeter 2 Array (ALMA).
Methods

Background
The induced frequency shift of a probed transition is given as
where ∆ν = ν obs − ν 0 is the change in the frequency and ∆µ = µ obs − µ 0 is the change in µ, both with respect to their accepted values ν 0 and µ 0 . Using this relation one can easily
show that the rotation-inversion transitions associated with the ν 2 vibrational state of ammonia may exhibit induced frequency shifts more than one order of magnitude larger than the pure inversion transitions in the vibrational ground state, which are currently used in the probing of µ both temporally [3, [5] [6] [7] 9] and spatially [10] [11] [12] [13] . Various 14 NH 3 ro-inversional transitions have already been observed extraterrestrially [14] [15] [16] , whilst others with notable sensitivities possess Einstein coefficients comparable to those of the observed transitions. It is legitimate then to expect their eventual extragalactic detection, and when combined with their enhanced sensitivity, there is scope for a major improvement of the current ammonia analyses.
Another promising anomaly exhibited by the spectra of ammonia is caused by the so-called "giant" l-type doubling, which leads to a "reversal" of the inversion doublets in the K = 1 levels in the +l component of the ν 4 states of 14 NH 3 and 15 NH 3 . The inversion doublets are reversed because for K = 1, only one of the A 1 or A 2 sublevels is shifted by the Coriolis interactions, and only the A 2 states have non-zero spin statistical weights (see Fig. 1 andŠpirko et al. [17] ). So far these transitions have not been detected extraterrestrially. This is to be expected since the physical temperatures prevailing in the interstellar medium are too low to provide significant population of the aforementioned states. However they could be effectively populated by exoergic chemical formation processes, resulting in the detection of highly excited states [18, 19] . Interestingly, the 'highest energy' (J, K) = (18, 18) line of 14 NH 3 observed towards the galactic centre star forming region Sgr B2, corresponds to the state lying 3130 K above the ground vibrational state [20] .
The most common approach to computing sensitivity coefficients for a molecular system makes use of an effective Hamiltonian model, and determining how the parameters of this into the present study.
The advantage of our variational approach is that along with sensitivity coefficients, reliable theoretical transition frequencies can be generated if no experimental data is available, and for all selected transitions, Einstein A coefficients can be calculated to guide future observations.
Variational Calculations
The variational nuclear motion program TROVE [30] has provided highly accurate theoretical frequency, intensity, and thermodynamic data for both 14 NH 3 and 15 NH 3 [31] [32] [33] [34] [35] [36] . We use the potential energy surface and computational setup as described in Yurchenko et al. [34] and Yurchenko [36] , which can naturally be extended to treat 14 ND 3 and 15 ND 3 . Here we only discuss the calculation of sensitivity coefficients, for the method used to compute transition frequencies and Einstein A coefficients we refer the reader to Yurchenko et al. [31] .
We rely on the assumption that the baryonic matter may be treated equally [37] The variational approach is powerful in that it allows a comprehensive treatment of a molecule to be undertaken. All possible transitions and their mass dependence can be calculated. This permits a simple exploration of the sensitivities for any molecule, provided the necessary steps have been taken to perform accurate variational calculations in the first place.
As a cross-check, we also employ the nonrigid inverter theory [17, 38] to compute sensitivity coefficients as was done byŠpirko [2] . In the following we evaluate both approaches. Note that the standard Herzberg convention [39] is used to label the vibrational states of ammonia with the normal mode quantum numbers v 1 , v 2 , v 3 , v 4 , l 3 and l 4 . The ν 2 state corresponds to the singly excited inversion mode v 2 = 1, whilst ν 4 is the singly excited asymmetric bending mode v 4 = |l 4 | = 1 (see Down et al. [40] for more details).
Results and Discussion
The variationally calculated sensitivities for 14 NH 3 and 15 NH 3 are listed in Tables 1 to 5 . The results are consistent with previous perturbative values [2] obtained using the nonrigid inverter theory approach [17, 38] , and 'Born-Oppenheimer' estimates from Jansen et al. [1] (subsequently referred to as JBU). For transitions involving the ν 2 vibrational states shown in Tables 1, 2 and 3, the agreement is near quantitative with the exception of the "forbidden" combination difference
The profoundly different sensitivities for these c Astronomical observation from Schilke et al. [16] ; values in parentheses fromŠpirko [2] , obtained using the nonrigid inverter theory. 15 NH3: Frequencies and Einstein coefficients from Urban et al. [41] and Yurchenko [36] , respectively; values in parentheses obtained using the nonrigid inverter theory with the frequencies from Urban et al. [41] .
transitions when going from 14 NH 3 to 15 NH 3 is of particular interest. A possible variation of µ requires the measurement of at least two transitions with differing sensitivities. In the case
, both isotopologues possess a large value of T . Importantly though they are of opposite sign, thus enabling a conclusive detection with regard to these particular transitions. An all-ammonia observation of a drifting µ would circumvent some of the intrinsic difficulties that appear when using other reference molecules [5] [6] [7] , which may not necessarily reside at the same location in space.
The inversion frequencies in the ground vibrational state, Table 4 , have comparable sensitivities for both 14 NH 3 and 15 NH 3 , and this also holds true for the ro-inversional transitions shown in Table 5 , demonstrating the validity of 15 NH 3 as a probe of µ. The sensitivity coefficients of the ν 4 transitions shown in Table 6 , although promising, do not acquire the impressive magnitudes of their ν 2 counterparts. However the appearance of positive and negative values could be of real use in constraining µ.
Because of the substantial differences in size of the inversion splittings, the mass sensitivity of the 14 ND 3 and 15 ND 3 transitions exhibit centrifugal distortion and Coriolis interaction dependence significantly different from that exhibited by 14 NH 3 and 15 NH 3 (see Tables 7, 8, 9, 10 and Fig. 2 ). The effects of these interactions are non negligible and must be included in any critical analysis. As only a small fraction of the total presence of ammonia in the interstellar medium is heavy ammonia, a detection of 'higher energy' transitions is rather improbable. All the ammonia isotopomers appear as suitable targets for terrestrial studies however, such as those 6 reported by van Veldhoven et al. [4] , Bethlem et al. [28] , and Quintero-Perez et al. [51] .
It is expected that any variation in the fundamental constants will be confirmed, or refuted, over a series of independent measurements on a variety of molecular absorbers. As a relevant astrophysical molecule, and with certain inversion transitions already detected extraterrestrially [57] [58] [59] , 15 NH 3 has potential to aid this search along with the already established probes of 14 NH 3 . For the deuterated species 14 ND 3 and 15 ND 3 , it is perhaps more likely that their use will be restricted to precision measurements in the laboratory, despite possessing larger sensitivity coefficients for the pure inversion frequencies in the ground vibrational state.
Conclusion
A comprehensive study of the vibration-rotation-inversion transitions of all stable, symmetric top isotopomers of ammonia has been performed. The variational method offers a new and robust approach to computing sensitivity coefficients. The calculated mass sensitivities provide perspectives for the further development of the ammonia method, used in the probing of the cosmological variability of the proton-to-electron mass ratio. Most notably the reliance on other reference molecular species, which is the main source of systematic error, can be avoided. Unless stated otherwise, 14 ND3 and 15 ND3 frequencies from Fusina and Murzin [52] and Fusina et al. [53] , respectively; values in parentheses obtained using the nonrigid inverter theory with the calculated TROVE frequencies; the K = −3 values refer to transitions between levels with spin statistical weight = 10 (A 1 , A 1 species), the K = 3 values refer to transitions between levels with spin statistical weight = 1 (A 2 , A 2 ) species); a Urban et al. [54] . [60] , it can be detected in a wide variety of regions [61] , and at redshifts which dramatically enhance spectral shifts (see Riechers et al. [62] and also Eq. (1) ofŠpirko [2] ). The accuracy of the predicted sensitivities seems to fulfil the requirements needed for a reliable analysis of spectral data obtained at 'rotational' resolution. To go beyond this limit, one should account for the hyperfine interactions and this requires a correct description of the 'hyperfine' effects, which in turn should respect both the centrifugal distortion and Coriolis interaction [63] . A study along these lines is in progress in our laboratory. We also note that the ammonia rovibrational dynamics show the same characteristics as those of other inverting molecules, notably the hydronium cation (see Kozlov et al. [23] ), thus calling for a rigorous investigation into such systems.
